1.. Introduction {#S1}
================

People have to drink water every day in order to rehydrate. In addition, drinking moderate amounts of water has several advantages, which have already been demonstrated, such as maintaining the balance of bodily fluids, controlling calories, maintaining good skin quality, etc. According to the results of a survey by the National Nutrition Survey, South Korean men and women drink approximately 945 mL and 766 mL of water, respectively, per day. These results show that the amount of water consumed daily is less than the recommended volume by approximately 1.5 L to 2 L. However, people cannot easily monitor the amount of water they drink each time. Therefore, developing a smart device, which will automatically measure the daily amount of consumed water is necessary for improving water drinking habits.

Recently, several products have been developed for recording the daily amount of consumed water. A smart tumbler called 8Cups was developed by a Korean venture company, and used a light sensor to measure water level. Because of the light sensor being limited by the color of the liquid, and since external light can affect sensor performance, the tumbler cannot be made in the transparent shell \[[@ref001], [@ref002], [@ref003]\]. Additionally, almost smart tumblers, such as Ozmo Java$+$ and Vessyl have a very high price that is not easily accepted by the public. Many techniques have been developed to measure water level \[[@ref004], [@ref005], [@ref006], [@ref007], [@ref008], [@ref009], [@ref010]\] based on visual inspection, ultrasonic, load cell, electrical properties, capacitance, optics, etc. Especially, ultrasound sensors for water level measurement have been frequently reported in many studies. However, the container's shape has been limited in order to avoid the scattering of sound waves for using ultrasound sensors, due to the requirement by which system part properties should exhibit good acoustic reflection. The types of liquid are also limited, because sound waves can be scattered by gas bubbles in liquids such as soda \[[@ref011], [@ref012]\]. Capacitive sensing technology is based on capacitive coupling, which is a popular technique applied to water level detection \[[@ref013]\]. In addition, it is simpler than other water level measurement method for making a low price and ease of use system to enabling people to use it. Therefore, the objective of this study is to present a smart well-being tumbler for automatic water level measurement by measuring the water volume variation of the dielectric properties of water using a capacitive sensor.

Figure 1.Basic concept of proposed capacitive sensor for automatic water level measurement in the tumbler.

1.1. Basic idea for the proposed system {#S1.SS1}
---------------------------------------

Figure [1](#thc-26-thc174794-g001){ref-type="fig"} shows the basic concept of the proposed capacitive sensor in the tumbler for automatic water level measurement. The capacitive sensor was designed with two pairs of electrodes of the same width, where the large pair is the main sensor for water level measurement, and the small pair is the reference sensor for the incremental unit measurement of the water level. The main sensor has to be as high as the maximum permissible water level due to the capacitance value of the main sensor being proportional to water height. By measuring the capacitance value, the measurement water level can be calculated by the capacitance value of the main sensor, which is proportional to the capacitance value of the reference sensor and multiplied by the reference sensor height, as shown in Eq. ([1](#S1.E1)).

$$\text{𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡}_{\text{𝐿𝑒𝑣𝑒𝑙}} = {{\frac{\text{𝑀𝑎𝑖𝑛}_{\text{𝑣𝑎𝑙𝑢𝑒}} - \text{𝑀𝑎𝑖𝑛}_{\text{𝐸𝑚𝑝𝑡𝑦}}}{\text{𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒}_{\text{𝑣𝑎𝑙𝑢𝑒}} - \text{𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒}_{\text{𝐸𝑚𝑝𝑡𝑦}}} \times 1}\text{cm}}$$

The two pairs of electrodes were fixed face to face on the outside surface of the tumbler in order to prevent electric field interference from the electrode set \[[@ref014]\]. The measured data was delivered to the micro control unit (MCU) for analyzing the measured capacitance value and for performing digital data conversion.

Figure 2.The proposed capacitive sensor with tumbler was subjected to FEA simulation. (a) 3D model of tumbler with capacitive sensor; (b) plan of designed capacitive sensor electrode dimensions.

1.2. Using FEA simulation for sensor design {#S1.SS2}
-------------------------------------------

In this study, a FEA simulation was used to estimate the feasibility of the proposed idea and to find the optimal geometrical dimension of the capacitive sensors. The 3D model of the proposed capacitive sensor in the tumbler was created in the Maxwell (Ansoft, USA) \[[@ref015]\] FEA simulation software. This software is the leading electromagnetic field simulation software used in the design and analysis of 2D and 3D structures, such as motors, transformers and other electric and electromechanical devices common in automotive, military/aerospace, and industrial systems. By implementing the FEA method, Maxwell can accurately solve static, frequency-domain and time varying electromagnetic and electric fields. Therefore, in this study, the problem could be solved in a 3D electrostatic environment. As shown in Fig. [2](#thc-26-thc174794-g002){ref-type="fig"}a, the 3D modeling consisted of four layers. Water and air in the innermost layer were contained in a right circular cylindrical Tritan cup of the second layer; the height of the cup was 10 cm and its diameter was 5 cm. In the third layer, four electrodes for the proposed capacitive sensor were fixed on the outside surface of the cup. The tumbler shell with PLA (Polylactic Acid) material was designed to encase the cup and capacitive sensor in the outermost layer. The height of the tumbler shell was designed with 10 cm height and a thickness of 1 mm. The relative permittivity of the Tritan cup was set to 2.5, while its conductivity was set to 1E$-$016 S/m. The relative permittivity and conductivity of the tumbler shell was set to 2.35 and 1E$-$016 S/m with a thickness of 1 mm.

The dimensional plan of the proposed capacitive sensor is shown in Fig. [2](#thc-26-thc174794-g002){ref-type="fig"}b. According to the tumbler height, the main electrode was designed with a height ($L_{m}$) of 1 cm, which is the same as the height of the cup of the second layer. As the reference electrode accounts for the incremental unit measurements of the main electrode, the reference electrode was designed with a height ($L_{r}$) equal to one tenth of the main electrode's height, which is 1 cm. Additionally, the electrode width ($w$) of the four electrodes was the same and increased together in the simulation. The spacing ($s$) between the two electrodes in each set was set as 1 cm. All the capacitive sensor electrodes were made of copper with a relative permittivity and conductivity of 0.99 and 5.8E8 S/m, respectively. The water level ($L_{w}$) increased from empty to full, with every 1 cm of height. The permittivity and conductivity of the water at 0$^{\circ}$C and in air were set to 88, 0.01 S/m and 1.00000037, 0 S/m respectively.

In order to isolate the model from other voltage or charge sources, the boundary conditions for the simulated space acted as a charge balloon. Excitations were set to positive 1.0 V and negative 1.0 V for each electrode, in order to create a potential difference between the two electrodes. The maximum error of the solution was set to 0.01% \[[@ref016]\].

Figure 3.A cross-sectional view of the electric field distribution of the tumbler filled with air and water obtained from the 3D FEA simulation. (a) Full of air; (b) full of water.

Figure 4.Pictures of the simulation result for the electrical field intensity variation of the capacitive sensor in the 3D FEA simulation as the water level increased. (a) 0 cm; (b) 3 cm; (c) 6 cm; (d) 10 cm.

Figure 5.Graph of the capacitance value of the capacitive sensor width variation in the FEA simulation.

Figure 6.Pictures of the fabricated capacitive sensor assembled with the tumbler to conduct the performance test. (a) Manufactured variety width of electrodes for capacitive sensor; (b) capacitive sensor assembled in the tumbler; (c) assembled tumbler connected with an LCR to acquire the capacitance value.

1.3. FEA simulation results {#S1.SS3}
---------------------------

The tumbler was filled with air and water and a cross-sectional view of its electric field distribution was obtained from the FEA simulation as shown in Fig. [3](#thc-26-thc174794-g003){ref-type="fig"}. This was an output of the finite element models for the designed capacitive sensor in the 3D tumbler model. The electric field is represented by a set of curves and field lines, which are aligned along the local field direction with spacing inversely proportional to field intensity. Because the water's permittivity and conductivity were higher than those of air, the electric field intensity of the tumbler with water was much higher, when compared to the tumbler with air. Additionally, by observing the electric field between the main and reference sensors, the designed position of the two sets of electrodes could avoid interference from adjacent electrodes.

Figure [4](#thc-26-thc174794-g004){ref-type="fig"} shows the electric field intensity variation of the capacitive sensor as the water level increased in the 3D FEA simulation. The electric field intensity of the main sensor increased as the water level increased \[[@ref017]\]. However, because the height of the reference sensor was only 1 cm lower than the main sensor, the electrical field intensity of the reference electrodes increased until the reference sensor was submerged. Subsequently, there was no variation observed in the electric field distribution.

The capacitance value of the electrode width variation was acquired from the FEA simulation as shown in Fig. [5](#thc-26-thc174794-g005){ref-type="fig"}. With regard to the relationship between the capacitance value and the water level, as the water level increased, the capacitance value of the main sensor increased almost linearly. The capacitance of the reference sensor increased quickly, before the water level rose to 1 cm and submerged the sensor exactly, and then remained unchanged until the tumbler was full of water. These results are in agreement with the electric field intensity variation as shown in Fig. [4](#thc-26-thc174794-g004){ref-type="fig"}. Additionally, the simulation results show that the capacitive sensor with larger size has a much larger capacitance value. Because all of the sensors have the same space between the two electrodes, the capacitance value obtained from the 4 cm width electrodes is obviously greater than the value obtained from other sizes.

Figure 7.Experimental results of capacitance value measured by various sizes of sensor electrodes. (a) Capacitance value measured by various sensor electrode sizes; (b) difference in capacitance value between main sensor and reference sensor.

Figure 8.Graph of capacitance value measured by the 4 cm width sensor electrode. (a) Capacitance value of main sensor; (b) capacitance value of reference sensor.

2.. Sensor fabrication and performance test {#S2}
===========================================

According to the FEA simulation results, the capacitive sensor includes the main sensor and reference sensor both made of copper plates, as shown in Figure [6](#thc-26-thc174794-g006){ref-type="fig"}a. The copper plate thickness was 1 mm, which made the copper easy to bend for fixing the electrodes on the surface outside of the round Tritan cup. The height of the main and reference sensors was 10 cm and 1 cm, respectively. The width of the electrodes was 2 cm, 3 cm and 4 cm, respectively, and the spacing between the copper electrodes was 1 cm. The design considerations were the same as the conditions of the capacitive sensor in the FEA simulation.

As shown in Fig. [6](#thc-26-thc174794-g006){ref-type="fig"}b, the main sensor and reference sensor were fixed face to face on the outside of the Tritan cup by insulating tape. The tumbler shell was 3D printed with PLA material. For the experiment, the implemented capacitive sensor was connected to an LCR meter (LCR-819, Taiwan), which was used in this performance test in order to acquire the capacitance value. After the LCR meter was calibrated to zero, two LCR meter probes were connected to each sensor for measuring the capacitance variation of the capacitive sensor \[[@ref018]\]. The range of the test frequency sweep was set to 1 kHz and applied voltage was set to 1 V. The water added to the tumbler followed the level scale in order to observe the capacitance variation Temperature and humidity were controlled at approximately 23$^{\circ}$C and 14%, respectively. In addition, the temperature of the water in the capacitance variation measurement experiment is 13$^{\circ}$C$\sim$14$^{\circ}$C, 34$^{\circ}$C$\sim$35$^{\circ}$C, 76$^{\circ}$C$\sim$77$^{\circ}$C. Through the all of the experiments, the water temperature was monitored by a professional thermometer (TES-1300, Taiwan) with 0.1$^{\circ}$C resolution from $-$50$^{\circ}$C to 199.9$^{\circ}$C. Figure [6](#thc-26-thc174794-g006){ref-type="fig"}c shows the manufactured capacitive sensor assembled with a tumbler in the performance test.

Figure 9.Graph of capacitance value measured with varieties water temperature.

3.. Results and discussion {#S3}
==========================

Figure [7](#thc-26-thc174794-g007){ref-type="fig"} shows the capacitance value variations of the manufactured capacitive sensors assembled in the tumbler measured by the LCR meter. The hollow and solid dots show the capacitance values of the main sensor and reference sensor respectively. The capacitance value of the main sensor increases linearly as the water level increases from 0 cm to 10 cm. In addition, the capacitance value of the reference sensor increased substantially from 3 pF to 6 pF before the water level was 1 cm, which was lower than the height of the reference sensor. Beginning from 1 cm, the capacitance value stayed at approximately 5--6 pF until the tumbler filled with water. Moreover, the experimental results also show that the larger electrodes acquired a larger capacitance value. In the experiments, the largest sensor electrode width of 4 cm acquired the maximum capacitance value. The largest electrode width had the largest value of capacitance difference between the main and reference sensor and was more suitable to accurately detecting the water level. The experimental results are in agreement with the results of the FEA simulation; however, the capacitance values of the experimental results were larger than the capacitance values in the FEA simulation. It was assumed that this was due to the purity of materials used in the capacitive sensor and tumbler fabrication. The conductivity and permittivity of the materials was different between the FEA simulation and the experiments. Figure [8](#thc-26-thc174794-g008){ref-type="fig"} shows the capacitance values of the capacitive sensor's 4 cm width electrode, main sensor and reference sensor respectively. The capacitance value of the main sensor increased linearly from approximately 6 pF to 38 pF as the water level rose from 0 cm to 10 cm. The capacitance value of the reference sensor increased from 3.8 pF to 6.8 pF as the water level rose from 0 cm to 1 cm. The capacitance value was kept at approximately 6.8 pF until the tumbler filled with water up to 10 cm. The error values of the capacitance measurement were assessed by the standard deviation from the average values of every data. The variation of the capacitance value measured with the several temperature of the water was shown in Fig. [9](#thc-26-thc174794-g009){ref-type="fig"}. The capacitance value overall increased as the water temperature increased. However, the variation rate is very small that can be ignored. It is assumed that the dielectric constants as permittivity and conductivity increased very small as the water temperature increased \[[@ref019]\].

Figure 10.Comparison of the developed compensation algorithm and actual level through the measured capacitance value. (a) Water level calculated by Eq. ([1](#S1.E1)) versus using Eq. ([2](#S3.E2)); (b) error value comparison of Eqs ([1](#S1.E1)) and ([2](#S3.E2)).

Figure 11.The graph of measured water volume versus actual water volume.

However, due to the capacitance value of the main and reference sensors for each water level interval, variations could exist \[[@ref020]\]. In order to match the actual level to the measurement water level, Eq. ([2](#S3.E2)) based on the 1$^{\text{st}}$ order linear correction algorithm was used in this study. The measurement level calculated by the compensation algorithm was compared to the actual water level as shown in Fig. [10](#thc-26-thc174794-g010){ref-type="fig"}a. The gain value of 2.5146 and offset value of $-$1.6164 were found by the curve fitting method, based on the entirety of experimental results by using the Matlab software. By implementing the developed compensation algorithm, the measurement level was matched to the actual level, with a small error as shown in Fig. [10](#thc-26-thc174794-g010){ref-type="fig"}b. Figure [11](#thc-26-thc174794-g011){ref-type="fig"} shows that the actual water volume was calculated by the water level proportional to the water volume, as shown in Eq. ([3](#S3.E3)). Because the tumbler is a right circular cylinder, every 1 cm level is equivalent to 30 mL. The graph shows the measured water volume increasing linearly and obtaining same value as the actual water volume. This means that the proposed capacitive sensor using the developed compensation algorithm is able to measure the water volume accurately in the tumbler.

$$\text{𝐴𝑐𝑡𝑢𝑎𝑙}_{\text{𝐿𝑒𝑣𝑒𝑙}} = {{\text{𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡}_{\text{𝐿𝑒𝑣𝑒𝑙}} \times \text{𝐺𝑎𝑖𝑛}} + \text{𝑂𝑓𝑓𝑠𝑒𝑡}}$$$$\text{𝐴𝑐𝑡𝑢𝑎𝑙}_{\text{𝑉𝑜𝑙𝑢𝑚𝑒}} = {{\text{𝐴𝑐𝑡𝑢𝑎𝑙}_{\text{𝐿𝑒𝑣𝑒𝑙}} \times 30}\text{mL}}$$

4.. Conclusion {#S4}
==============

In this paper, we presented the results of a study on designing a capacitive sensor for developing an automatic water level measuring tumbler. The proposed design differs from a traditional capacitive sensor with one pair of electrodes, because it has two pairs of electrodes as the main sensors for measuring the capacitance value of the water level in the tumbler, and a reference sensor for measuring the incremental unit of the main sensor. The feasibility and optimized shape of the proposed capacitive sensor were verified and established by a 3D model, which was subjected to FEA simulation. According to the simulation results, the capacitive sensor was made of copper and assembled with a 3D printed tumbler. By using a high precision LCR meter, the performance of the capacitive sensor on automatically measuring the water level in the tumbler was tested. The experimental results show that the main sensor is able to measure water level variation by the acquired capacitance value of the main electrode, which is proportional to water height. By using the capacitance value of the reference sensor, the water level can be converted by the measured capacitance value. Additionally, in this study, a 1$^{\text{st}}$ order linear correction algorithm was applied to compensate for capacitance value variations. The coefficients were found by the curve fitting method with a variety of capacitance values at each water level. The experimental results proved that the proposed capacitive sensor is able to measure the actual water level in the tumbler accurately. In the future, a digital control part with micro-processor will be designed and fixed on the bottom of the tumbler for developing a smart tumbler for the well-being of users, the function for detecting the beverage type also will be considered.
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